Nucleosome positioning DNA sequence patterns (NPS) -usually distributions of particular dinucleotides or other sequence elements in nucleosomal DNA -at least partially determine chromatin structure and arrangements of nucleosomes that in turn affect gene expression. Statistically, NPS are defined as oscillations of the dinucleotide periodicity with about 10 base pairs (bp) which reflects the double helix period. We compared the nucleosomal DNA patterns in mouse, human and yeast organisms and observed few distinctive patterns that can be termed as packing and regulatory referring to distinctive modes of chromatin function. For the first time the NPS patterns in nucleus accumbens cells (NAC) in mouse brain were characterized and compared to the patterns in human CD4+ and apoptotic lymphocyte cells and well studied patterns in August 28, 2019 1/23 yeast. The NPS patterns in human CD4+ cells and mouse brain cells had very high positive correlation. However, there was no correlation between them and patterns in human apoptotic lymphocyte cells and yeast, but the latter two were highly correlated with each other. By their dinucleotide arrangements the analyzed NPS patterns classified into stable canonical WW/SS (W=A or T and S=C or G dinucleotide) and less stable RR/YY (R=A or G and Y =C or T dinucleotide) patterns and anti-patterns.
Introduction
nucleosome maps are noticeably different by the absence of periodically positioned and 32 phased nucleosomal arrays in the in vivo maps where an ATP-dependent chromatin 33 re-modeler is responsible for the well-spaced nucleosome array [18] . In addition to the 34 sequence composition there are other factors in vivo such as post-translational 35 modifications (PTM) of histone tails, transcription factor binding and remodeling 36 complexes that influence positioning of nucleosomes and in turn tune chromatin 37 accessibility and gene expression [5, 18] . 38 It was shown that nucleosome remodeling takes place in response to stress and alters 39 a gene expression. A single cell study performed on nucleosomes in yeast under glucose 40 rich (PHO5 gene is silenced) and glucose starvation (PHO5 gene is expressed) 41 conditions revealed that under starvation yeast cells lose nucleosomes in the PHO5 42 promoter [2] . However, mutants with enhanced AA/TT/TA periodicity in PHO5 gene 43 promoter did not lose nucleosomes under starvation -the nucleosomes were positioned 44 as in wild type under the nutrient rich conditions. This data showed that the 45 periodicity enhancing mutations stabilized nucleosomes in such way that alienated 46 chromatin re-modelers [2] . Another comparative study of nucleosomal DNA sequences 47 in human CD4+ and apoptotic lymphocyte cells revealed a loss of GC rich nucleosomes 48 in apoptotic cells [19] . Remodeling and reduced nucleosome occupancy was also 49 observed in nucleus accumbens cells (NAC) of mouse brain in response to stress in 50 chronic social defeat conditions [20] . Altered occupancy and positioning of nucleosomes 51 was associated with a deactivation of genes implicated in stress susceptibility and also 52 was significantly correlated with altered binding activity of TAP-utilizing chromatin 53 assembly and remodeling factor-ATF complex. 54 Ensembles of nucleosomal DNA can differ between species and so the usage of 55 nucleosomes in gene regulation [5] . Genomes are programmed to organize their own 56 nucleosome occupancy. However, intrinsic histone preferences of specific k-mer 57 sequences might be species specific [7, 21] . In higher eukaryotes genomic elements are 58 closed by nucleosome unless active nucleosome displacement leads to the activation of 59 this element. In unicellular organisms the genomic sites are open allowing transcription 60 factor (TF) binding unless a nucleosome is actively repositioned there. Promoters of 61 multicellular organisms are characterized by sequences favoring nucleosomes and in 62 unicellular organisms by the disfavoring sequences [22] . Sequence based mechanisms governing nucleosome positioning and stability in different conditions and organisms genome-wide can be statistically characterized as patterns of periodically occurring k-mers in nucleosomal DNA [23] . The most prominent 66 patterns observed in nucleosomal DNA across various organisms and particularly in 67 yeast consist of the dinucleotides WW and SS (W=A or T and S=C or G) and RR and 68 YY (R=A or G and Y=C or T) occurring at steps of average 10.1-10.4 base pairs that 69 reflect the double helix period. A variety of such patterns was elucidated from 70 nucleosomal DNA and shown that distinct pattern classes (termed pattern and 71 anti-pattern) occur in nucleosomal DNA of nucleosomes modulating chromatin 72 accessibility in promoters [8, 9, 24] . A signal of a periodical occurrence of specific 73 dinucleotides in these patterns results from the averaging of a batch of nucleosomal 74 DNA sequences and not necessarily this average pattern is found in any one given 75 individual nucleosome. The analogy for such signal in a different biomedical domain is 76 evoked potential of electroencephalogram which can be seen only from average signal of 77 multiple experiments. The signals in nucleosomal DNA were shown not to be random 78 by shuffling dinucleotides in nucleosomal DNA sequences [19] . 79 We hypothesize that patterns originating from nucleosomal DNA in different 80 experimental conditions may provide descriptive means to characterize and distinguish 81 different states of chromatin function. In our study for the first time nucleosomal DNA 82 patterns in nucleus accumbens cells (NAC) of stress-susceptible, stress-resilient and 83 control mice brain [20] were characterized and compared to the dinucleotide frequency 84 distribution patterns in human CD4+ and apoptotic lymphocyte cells. In these distinct 85 organisms and very distinct biological conditions we aimed to discover fundamental 86 similarities and differences in their nucleosomal DNA patterns and compared them to 87 yeast. The nucleosomal DNA patterns in human and yeast cells were taken from the 88 previously published studies [8, 19] . Comparing nucleosomal DNA patterns in mouse, 89 human and yeast revealed that several distinct modes of chromatin function can be 90 characterized by the few distinctive patterns which arguably can be named as packing 91 and regulatory.
Materials and methods

93
Nucleosomal DNA patterns in human CD4+ and apoptotic 94 lymphocyte cells 95 Sequences of nucleosomal DNA of +1 nucleosome in human CD4+ cells [25] in 96 apoptotic lymphocyte cells [26] and their patterns characterized previously [19] were 97 obtained from [19] . The original sequences of nucleosomes in human CD4+ cells ( total 98 581507) and in apoptotic lymphocyte cells (total 711873) were flanked by 200bp on 99 both sides of the dyad. The original nucleosome sequencing data of mouse brain NAC cells [20] were obtained 104 from NCBI GEO archive under accession GSE54263. The short read sequence files 105 accessioned by SRR113826 [1] [2] [3] [4] [5] [6] [7] [8] [9] were downloaded from Short Read Sequences Archive in three biological replicates of control, stress-resilient and stress-susceptible mice start positions of nucleosomes [29] . Genomic positions in which peaks attain maximum 120 were identified by applying Gaussian smoothing to the coverage profile and taking a 121 position in which smoothed profile has maximum. The choice of smoothing window 122 depends on the data. We investigated several window sizes. Optimal size for this data 123 was 70bp which is also a recommended window size for this type of data [30] . Peaks 124 that are twice of average coverage [29] usually identify nucleosome positions. In this 125 data average coverage was 4, therefore genome-wide peak summits attaining a height 126 less than 10 were discarded. Genomic coordinates of nucleosome bound sequences were 127 calculated from the mapped reads overlapping the summit positions such that a distance 128 between the summit and either end of the read is no less than 30 bp. As in [31] The DNA sequences of these intervals were extracted from mouse mm9 reference genome 134 by BEDTools, aligned by the experimental 5'-end and formatted into fasta files. The 135 nucleosome sequences of the first best phased nucleosome within 1000bp downstream of 136 gene TSS were retained for further analysis. The mm9 gene TSS coordinates were 137 downloaded from UCSC Genome Table Browser [32] . Variable number of sequences and 138 associated RefSeq genes were obtained in three replicates in each biological condition.
139
On average from 6 to 8 sequences aligned by the experimental 5' end represented a well 140 phased nucleosome in the downstream vicinity of RefSeq gene TSS. Table 1 provides 141 summary of the aligned raw data and sequences. To analyze patterns in the nucleosomal 142 DNA in control, susceptible to stress and resilient to stress mice the sequences from the 143 biological replicates in each condition were aggregated into one fasta file. sequences from a bulk of sequences were computed utilizing a previously described 147 algorithm [19] . Given a binary matrix of dinucleotide occurrences in sequences coded as 148 Table 1 . Summary of aligned GSE54263 original sequences from [20] and total counts of RefSeq genes and sequences of first well phased nucleosome within 1000bp downstream of mm9 Refseq gene TSS. Condition  GEO ID  Raw reads  Uniquely aligned Nucleosome sequences RefSeq Genes  SRR1138261 control  GSM1311267 Con H3 112,379,273 110,283,095  58658  8418  SRR1138262 control  GSM1311267 Con H3 127,059,884 122,696,395  65909  9294  SRR1138263 control  GSM1311267 Con H3 120,053, in mouse. More details on methods used in this study are outlined in S1 Appendix.
SRA name
Patterns in yeast
Availability of tools and data 173
The dnpatterntools v1.0 software and example fasta files of processed mouse sequences 174 are available from GitHub (https://github.com/erinijapranckeviciene/dnpatterntools). 175
An example of analysis workflow in Galaxy [34] analysis study [2] showed that at any single moment single cells are in binary status: source. In human CD4+ cells nucleosomal DNA sequences formed two distinct clusters 239 each favoring either WW or SS patterns as shown previously [19] . The hub sites in 240 which a majority of dinucleotides including incompatible had peaks were ±45, ±31, ±20. 241
These hub sites are located in ±2 , ±3 and ±4 super helical locations (SHL) at which 242 DNA interacts with histone octamer in a processes of remodeling that either stabilizes 243 or destabilizes nucleosomes [37] . More details on synchronization of peaks, dinucleotides 244 and the hub positions are provided in Section 2, Figures 6,7,8 and Table 1 an order in arrangement of these steps. Fig.3 in [11] labeled by SHL numbers. The WW peaks are coded in green, the SS in red , the RR are coded in magenta shades and YY in orange shades. Each indicated peak inside the cell is labeled by a letter indicating which organism it belongs to ( H-for human CD4+ cells , M-for NAC cell of control mouse, Y yeast and A for human apoptotic lymphocyte cells). The SS1/WW1 and RR1/YY1 diagrams show the peak distributions in human and mouse. The SS2/WW2 and RR2/YY2 diagram show peak distributions in yeast and human apoptotic cells. The numbers 1 and 2 designate these separate pattern classes. The ladder diagrams illustrate a synchronization between the peak occurrences. The WW peaks in human and mouse have SS peak counterparts in yeast and apoptotic cells and vice versa. The RR1/YY1 patterns appear to be very regular. The RR2/YY2 has less regular appearance in which peaks are mostly concentrated in SHL zones ±2.5, ±3.5 and ±4.5.
In human CD4+ cells and mouse NAC cells most of WW peak sites coincide and are 261 located in the major grooves. However, the WW peaks in yeast and human apoptotic 262 cells mostly appear as opposite with respect to the same peak in human CD4+ cells and 263 mouse NAC. The WW peaks in human CD4+ cells and mouse NAC occur in SHL is a classical nucleosome favoring sequence configuration [7, 8] . As to observed RR/YY 284 patterns -DNA structures containing these configurations of dinucleotides do not 285 persist because of stiffness of RR and YY dinucleotide steps [8] and [39] . Peak site 286 localization in SHL zones differ between mouse (control, susceptible and resilient to 287 stress mice) and human (CD4+ and apoptotic cells). All sites that had either one or 288 multiple peaks were counted in each SHL zone for mouse and for human. The 289 distribution of counts is shown in Fig. 3 . The peak positions of all dinucleotides in this 290 study and their corresponding structural zones are summarized in Table 1 in S1 Tables. 291 The bars show number of counts of peak sites across SHL in human CD4+ and apoptotic lymphocyte cells compared to the counts in mouse NAC in control, susceptible and resilient to stress mice.
Peak counts across SHL in human and mouse had a statistically significant difference 292 (paired Wilcoxon rank sum test p-value =0.02). The SHL zone -1.5 have 4 peak sites in 293 mouse but in human it has just one peak site in the apoptotic cells. The SHL zones ±4, 294
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±4.5 and -3.5 in human have more peak sites compared to mouse. In SHL -6.5 zone 295 only susceptible to stress mouse had a peak. SHL zones ± 1.5, ±4 and ±4.5 that differ 296 between human and mouse in terms of positional preferences play roles in nucleosome 297 dynamics. Most of DNA deformations take place in the SHL ± 1.5 zone. It has an 298 increased binding of DNA proteins and it is most susceptible to DNA damage [38] .
299
Other important zones in which multiple peaks from all organisms were observed are 300 SHL zones ±2 , ± 3 and ± 4. The SHL ± 2, ±3 are zones in which chromatin 301 remodelers interact with DNA and in SHL ±4 zone histone H2A tail interacts with 302 DNA which makes it a less stable zone [37] . Statistically defined relations between 303 nucleosome positioning and covalent chromatin modification were noted -but there is 304 no relationship established between histone modifications and specific nucleotides 305 observed at a given location [5] . It is not clear yet how specific composition of DNA this study were computed from a multiple sequences of the best phased most proximal 322 to gene TSS nucleosomes genome-wide. Since the best phased closest to TSS nucleosomes will assemble, we hypothesized that patterns characterizing the nucleosomal DNA of these nucleosomes genome-wide in different organisms and 326 conditions may reflect sequence patterns affecting chromatin function and packaging.
327
In response to stress nucleosomes undergo remodeling to alter expression of response 328 genes. The remodeling may comprise various events: nucleosomes may change their 329 position or occupancy, they may be evicted or otherwise change their configuration.
330
The patterns derived from sequences of nucleosomes sequenced in a specific 331 experimental condition ( i.e. after remodeling ) will represent state of chromatin that is 332 specific to that condition because these sequences to some extent statistically represent 333 the general pattern in sequence that attracted histones and formed nucleosomes.
334
However, as it was shown, a remodeling may occur in a fraction cells where in a 335 remaining fraction the original nucleosome configuration hasn't changed. Therefore, in 336 nucleosomal DNA sequence patterns there will be a mixture of patterns likely 337 corresponding to the changed and unchanged condition and it is challenging to elucidate 338 a very clear patterns. Nevertheless, some general trends can been observed. 339 We discovered that patterns in mouse nucleosomal DNA in control, stress-susceptible 340 and stress-resilient conditions are almost identical. The stress affected mice differ 341 slightly from a control in a spatial distribution of peaks in RR/YY patterns. The WW 342 peaks in nucleosomal DNA in normal human CD4+ cells and in mouse NAC coincide 343 and these peaks are located in a major grove SHL zones while the SS peaks are located 344 in the minor grove SHL zones. We also observed that the patterns of WW and SS peak 345 arrangement in human apoptotic cells are very similar to the patterns in yeast. The yeast, fruit flies, nematodes and humans, suggesting that the structural rules for 359 rotational positioning are the same across species [11] .
360
In this study we observed that WW dinucleotides in yeast and human apoptotic cells 361 are located in minor grove SHL zones, however human CD4+ cells and mouse NAC in 362 those zones have SS dinucleotides. It was stated [39] that CC and GG dinucleotides 363 have more influence to nucleosome formation. Our investigated organisms may have 364 employed different nucleotides, however a spatial structure of the dinucleotide 365 arrangement is still preserved. The existence of the patterns in which WW/SS 366 dinucleotides are used in opposite ways termed pattern and anti-pattern was already 367 predicted [8] and investigated in promoters of mammalian cells [9] . Here the pattern 368 corresponds to a spatial distribution of WW/SS peaks as in yeast and human apoptotic 369 cells (represented by WW2/SS2 ladder in Fig. 2 ) and the anti-pattern corresponds to 370 that in human and mouse (WW1/SS1 in 2). It is also known that chromatin becomes 371 highly condensed during apoptosis [40] . Since these WW/SS patterns are very stable 372 and they are universally used in many species and also seen in human apoptotic cells 373 they could be termed as packing.
374
The RR and YY in human, mouse and yeast alternate in 3 to 5 base pair steps and 375 again the RR peaks in human and mouse patterns occur in major grove SHL zones, should manifest a spectacular curvature in solution [42] . The RR/YY pattern in human 383 apoptotic cells is very regular in which the RR and YY peaks occur in a close proximity 384
to each other carrying a high resemblance to the in vitro Group 1 pattern of YR/YYRR 385 motifs at sites SHL ±3.5 and ±5.5 described by Cui and Zhurkin [11] . This pattern 386 facilitates severe DNA deformations at those sites and the positioning of nucleosomes is 387 likely to be determined by interactions between H2A/H2B and DNA at those sites.
the important functional consequences of SHL zones associated with these patterns 390 these RR/YY patterns could be termed as regulatory.
391
Conclusions
392
One of the novel contributions of this study to the nucleosome field is that we 393 characterized patterns in mouse NAC for the first time. In addition we contributed unknown. However, taking into account that WW/SS is a very stable pattern that is 405 strongly favoring formation of nucleosomes and also that chromatin under apoptosis 406 becomes highly condensed, we argue that it may suggest existence of several modes of 407 chromatin functions that can be characterized by a few classes of sequence patterns that 408 may be related to the two chromatin roles: packing and regulatory.
409
Based on our results and evidence from scientific literature we draw following 410 conclusions:
411
Yeast bulk nucleosome sequences display and tend to be mapped by canonical 412 stable WW/SS patterns.
413
Nucleosome sequences in mouse and human display and tend to be mapped by the 414 canonical WW/SS anti-pattern and the RR/YY pattern.
415
Promoter sequences in yeast tend to be mapped by the canonical RR/YY pattern 416 and promoters of the yeast stress-related genes tend to be mapped by the canonical RR/YY anti-pattern [8] .
418
Patterns in nucleosomal DNA are related to the two roles of the chromatin: 419 packing (WW/SS) and regulatory (RR/YY and "anti").
420
Our hypothesis for the future studies is that packing patterns tend to be preferred 421 by evolutionary lower organisms and regulatory -by higher organisms. 
